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Behavior  o*  the  Carbon  Electrode  In  Molten  Carbonates 

by 

M.D.  Ingram  and  G.J.  Janz 
Department  of  Chemistry 

Rensselaer  Polytechnic  Institute,  Troy,  New  York,  U.S.A. 

ABSTRACT 

The  reversibility  of  various  carbons  as  electrodes  in  the  ternary 
carbonate  eutectic  has  been  compared.  The  rest-potential  of  eleetrodepoeited 
carbon  (-2.2V  versus  the  Danner-Rey  electrode)  depends  on  the  presence 
of  occluded  oxide.  The  simulation  and  use  of  this  c****fcon  In  a  high  tem¬ 
perature  fuel  cell  is  discussed. 

INTRODUCTION 

Numerous  attempts  have  been  made  to  design  a  successful  carbon 
fuel  cell,  the  most  notable  befog  the  high  temperature  cells  constructed 
by  Baur  and  others1'2^.  Frequently,  fused  carbonates  or  solid  electrolytes 
Impregnated  with  carbonate  have  been  utlllaed;  However,  a  study  of  the 
reversibility  of  the  carbon  electrode  In  such  electrolytes  appears  to  be 
lacking.  A  recent  study1*  of  the  cathodic  deposition  of  carbon  In  molten 
carbonates  suggests  that  an  Interesting  new  approach  to  the  carbon  fuel 


EXPERIMENTAL 


Carbon  electrode*  were  supplied  by  Pure  Carbon  Inc.  according 
to  the  following  specifications!  (1)  Graphltlzed  carbon#  density  *  I.75 
g.cm  *#  porosity  *  10%#  (11)  ''Active  charcoal#  density  -  0.9  g.cm-3;  porosity 
45%.  Electrolytic-carbon  electrodes  were  prepared  by  the  cathodic  deposition 
ef  carbon  onto  gold  electrodes  .  The  current-voltage  curves  for  the  various 
carbons  were  obtained  In  the  ternary  eutdct ic  of  the  alkali  metal  car¬ 
bonates  (LlaCOa,  NaaCOs,  K aC0 , #  mole  ratio  43.5:  31.5:  25.0;  m.  p.  397*c) 
at  600*C  using  a  potentl odynamlc  technique  described  elsewhere1*. 

Fig.  (1)  shows  the  polarization  curves  for  graphltlzed  carbon 
and  electrolytic  carbon  electrodes  of  the  same  geometry  (1  cm  immersion, 
surface  area  ■  1.0  cm*),  all  potentials  being  referred  to  a  Oanner-Rey 
electrode.  The  significant  feature  Is  the  displacement  of  the  rest 
potential  of  the  electrolytic  carbon  comparea  with  graphite  from  -1,3V 
to  »  2.2V.  This  marked  enhancement  In  reducing  properties  has  been  shown  to 
be  due  to  the  occulslon  of  oxide.  Further  comparison  of  the  current-voltage 
curves  reveels  that  the  electrolytic  carbon  behaves  much  more  reversibly 


than  the  graphltlzed  carbon 


3. 


The  properties  of  electrolytic  carbon  have  been  simulated  by 
•■doping”  the  active  charcoal,  in  fused  sodium  hydroxide  for  12  hours  before 
transfer  to  the  carbonate  electrolyte  for  evaluation.  The  polarization 
curves  of  the  ”doped”  and  ”undoped”  carbon  electrodes  (1  cm*  immersion) 
appear  in  Fig.  (2).  The  undoped  carbon  has  an  initial  rest  potential  of 
-1.45V,  but  considerable  hysteresis  appears  in  the  curve  due  to  the  inclusion 
of  oxide  ions  in  the  electrode  on  cathodic  polarization  and  their  subsequent 
removal  on  anodic  polarization.  The  doped  carbon  has  a  rest  potential  of  -2.0V 
and  is  highly  reversible,  giving  an  anodic  current  density  of  100  mA/sq  cm 
at  -1.85V.  The  effectiveness  of  the  doping  procedure  is  best  measured  by 
performance  of  the  electrode  while  passing  a  continued  anodic  current.  Fig. 

(3)  shows  the  variation  of  potential  with  time  at  a  constant  anodic  current 
of  96.5  mA.  The  potential  is  seen  to  rise  continuously  from  the  initial 

-  J 

value  of  -1.9V  and  reaches  a  value  of  -0.85V  after  the  passage  of  1  x  10  F. 
After  this  the  potential  remains  constant  and  the  behavior  is  clearly  that 
of  an  undoped  carbon  electrode.  From  the  free  volume  of  the  immersed  portion 
of  the  carbon  electrode  it  is  calculated  that  the  amount  of  NaOH  which  could 
be  retained  is  equivalent  to  1.1  x  10  3.  Eqt.  0f  Na20,  and  the  observed 
doping  is  seen  to  be  in  very  good  agreement  with  this. 

DISCUSSION 

4 

It  has  been  shown  elsewhere  that  the  reversible  deposition  of 
carbon  corresponds  to  the  reaction, 

C032"  ♦  4  e"  C  ♦  302 


(i) 


and  that  the  rest  potentials  of  carbon  is  in  accord  with  the  equation: 

RT 

E  =  E°  ♦  JF  p02“  ( ii > 

2-  2- 
where  pO  =  -logl0  (0  ) 

The  different  rest  potential  of  the  various  carbons  (e.g.  -2.2V  for 
electrolytic  carbon  and  -1.3V  for  graphitized  carbon)  are  thus  explained 
in  terms  of  changes  in  the  oxfde  activity  at  the  electrode  surface.  Elec¬ 
trolytic  carbon  always  contains  substantial  amounts  of  occluded  oxide, 
and  the  establishment  of  equilibrium  (i)  is  evidenced  by  the  observed 

reversibility  of  the  electrode  towards  polarization  tests.  Under  an  Ar 

2-  .  7 

atmosphere  the  steady-state  0  activity  in  the  ternary  eutectic  is  low 

(ca. 10"4  Molar) ,  hence  under  these  ••acid*’  conditions  the  stoichiometry  of 

the  anodic  oxidation  of  carbon  is  more  correctly  written  as, 

C  ♦  2CO3'  -he'  -*  3C02  (iii) 

The  anodic  process  occurs  at  a  much  higher  potential  than  the  cathodic 

deposition  reaction  and  this  is  seen  to  be  the  underlying  reason  for  the 

irreversibility  of  t-he  ordinary  carbon  electrode  in  molten  carbonates. 

The  behavior  of  the  hydroxide-doped  electrode  is  more  complex. 

It  is  probable  that  OH  ions,  on  contact  with  the  carbonate  , 

a-  5 

lose  water  to  form  0  ions  as  has  been  claimed  .  The  difference  in  the 

reversible  behavior  from  that  of  the  electrolytic  carbon  suggests  that  this 

evolved  water  is  influencing  the  electrode  processes  In  some  way,  most 

6 

probably  interaction  with  the  carbon  to  evolve  hydrogen  : 


5. 


C  *  2H20  -►  2H2  ♦  C02 

The  enhanced  reversibility  of  the  electrolytic  and  oxide-doped 
carbons  suggests  their  use  as  fuel  anodes  in  a  high  temperature  fuel  cell. 
Recently,  Busson,  Palous,  Buvet  and  Millet^  have  reported  the  potential  of 
the  reversible  oxygen  electrode  in  the  ternary  eutectic  at  600*C  (C02  =  1 
atmos;  02  =  1  atmos )  is  -0.53V  against  the  Danner-Rey  electrode.  By  trans¬ 
posing  the  observed  carbon  potentials  onto  the  ’’oxygen  scale*'  the  electro¬ 
motive  forces  of  the  following  cells  may  be  calculated: 


(A)  C  i  ternary  eutectic 

(active  charcoal) 

/ 

(B)  C  I  ternary  eutectic 

(electrolytic) 

(C)  C  I  ternary  eutectic 

( hydrox ide , ’Hoped  ”  I 


IC02  t  02  jEMF  =  0.92V 
(1  atmos.)  (1  atmos.) 

I  C02  >  02  .EMF  =  -1.67V 

1(1  atmos.)  (1  atmos.)* 

j  C  r  °2  ,EMF  =  -1-Z*7V 

l(  1  atmos  .  )  (1  atmos  .  )  ■* 


Further  inspection  of  the  current-voltage  curve  for  the  undoped 
active  charcoal  electrode  reveals  that  at  an  apparent  anodic  current  density 
of  100  mA  cm~^  the  potential  rises  to  -0.93V;  that  would  give  a  maximum 
fuel  cell  voltage,  assuming  no  other  energy  losses,  of  0.4V.  It  is  apparent 
that  cells  of  type  (A)  would  be  rendered  quite  ineffectual  by  anodic  pol¬ 
arization  phenomena;  cells  (B)  and  (C)  with  their  larger  EMF  are  more 
attractive.  Fig.  (3)  can  be  used  to  evaluate  the  hydrox ide- doped  carbon 
as  a  possible  fuel  electrode.  After  the  passage  of  1  x  10  3F  the  carbon 
is  completely  "dedoped”,  and  this  corresponds  to  the  consumption  of  approxi¬ 
mately  5%  of  the  immersed  carbon.  This  would  clearly  be  unsatisfactory  for 


a  practical  fuel  electrode  and  a  more  fundamental  approach  is  required. 


6. 


It  is  convenient  to  define  an  "ideal  fuel  electrode"  where 
all  the  carbon  can  be  Consumed  under  alkaline  conditions.  Two  requirements 
must  be  met  by  this  fuel.  Firstly,  it  must  have  a  stoichiometry  given 
either  by  (C,  3M20)n  or  by  (C,6M0H)n.  Secondly, the  carbonate  generated 
at  the  anode  should  have  the  same  composition  as  the  main  electrolyte. 

These  requirements  could  be  met,  in  large  part,  by  flowing  the  appropriate 
mixture  of  alkali  hydroxides  into  the  carbon  electrode  while  oxidation  is 
proceeding. 

ACKNOWLEDGMEOTS 

The  authors  acknowledge,  with  thanks,  the  experimental  contributions 
and  discussions  of  Bill  Baron  in  various  aspects  of  this  work. 

This  investigation  was  made  possible  in  large  part  by  financial 
support  received  from  the  U.  S.  Department  of  Navy,  Office  of  Naval  Research, 
Chemistry  Division,  Washington,  D.  C. 

REFERENCES 

1.  E.  Baur,  W.D.  Treedwell,  and  G.  Trumpler,  2 .Elektrochem.  ,  2_7,199  (  1921' 

2.  E.  Baur  and  R.  Brunner,  ibid,  43,  725  (  1937) 

3.  K.  Birchoff,  Ph.D.  Theiss,  University  of  Technology,  Brunswick  (195'*) 

4.  M .  D.  Ingram  and  G.  J.  Janz;  unpubl isned  work  (1965) 

5.  Dubois  and  R.  Buvet ,  Compt .  rend.,  256 ,  1762  (1963) 

6.  F.  Haber  and  L.  Bruner,  2.  Elektrochem.,  10,  697  (1904) 

7.  N.  Busson,  S.  Palous,  R.  Buvet,  and  J.  Millet,  Compt.  rend.,  260, 

6097  )  1 9 6 5 ) 


Figure  Captions 


Figure  1 


Figure  2 


Figure  3 


1  1  Polar  1 zatl on  Behavior  of  Carbon  Electrodes11 
I  Graphltlzed  Carbon 

II  Electrodeposl ted  Carbon 

1 'Effect  of  Treatment  with  NaOH  In  Polarization 
Behavior  of  Carbon  Electrode* 1 

III  Active  (undoped) 

IV  Active  (doped  with  NaOH). 

1 1  Performance  of  M Dcied* 1  Carbon  Electrode » 


Potential  versus  Time  Behavior  for  Constant 
Anodic  Current  of  96  mA  cm"2. 


-2.5  -1.5  -0.5 

POTENTIAL  (VOLTS) 


CURRENT  (AMPERES) 


1 


.J  . 


RRENT  (AMPERES 


0.05 


0.0 


-0.05 


POTENTIAL  (VOLTS) 


Security  CUtsiflcatioa 


DOCUMENT  CONTROL  DATA  •  RAD 

_ f t**i*i*  tltttlUttllm  tl  Hilt.  Aggj,  g  —W  wwN««n|  nwm  nan  «WI  wIKM  a*un  #»  tntttl  ttptri  it  ,  fittiitti 


i  o«MotK*rmo  activity  •urMM 


Rensselaer  Polytechnic  Institute 


I**  •*»ui» 


»  K«*0*»T  Ttftl 

Behavior  of  the  Carbon  Electrode  In  Molten  Carbonates 


#f  *#**  «•**«) 


I  Ay  f  *6^1,1  fl.#**  AMI#,  Kv«Pt  IHMiN*, 

Ingrain,  M.  D.  and  Jana,  G,  J< 


U  MU,  •*>  ft«MI 

7 


*•  O*  MiNt  HO 

ONR  Contract  No.  Nonr  591- (10) 

*  MMOJitt  Mtt 

1  9*  •*******•#*»  »«M«f 

Technical  Report  No,  27 

«. 

4- 

II  %*$**%*•*'  (A*U>  •#>«»  MWMM  *•(  mty  It  •««!#«•* 

14  AVAU.AS)UWU**fAflOa  M0TIC4* 

•‘Qualified  requester*  may  obtain  copies  of  this  report  from  DDC. * ' 

n.  lueestwcairAev  mot** 

U  »MOMIOMlM«  WUTANV  ACTIVITY 

Office  of  Naval  Research,  Division  of 

Chemistry,  Washington,  D.C. 

l»  AMtHACt 

The  reveriibiiity  of  various  carbon*  at  electrode*  in  tha  ternary 
carbonate  eutectic  he*  been  compered.  The  reet-potentUI  of  electro- 
deposited  carbon  (-2.2V  versu*  the  Denner-Rey  11 set rode)  depend*  on  the 
pretence  of  occluded  oxide.  The  simulation  end  uee  of  thie  cerbon  In  e 
high  temperature  fuel  cell  U  diecueeed. 


DO  147 


Security  Claatulication 


LINK  A 


MOL  C  Ot 


LINN  * 


LINK  C 


NOL* 


u 


«t  v  aonoi 


Molten  Carbonates 
Carbon  Electrode 
Fuel  Cells 


INSTRUCTIONS 


U  ORIGINATING  ACTIVITY:  Enter  the  name  nt  UilU* 
of  th#  so ntractor,  subcontractor,  itimm,  Department  of  Din 
fans#  activity  nr  ether  organl  nation  (corporal*  anther)  issuing 
th#  report. 

is,  REPORT  SECU1STY  CLASSIFICATION:  tnltr  IK*  o*«n 
*11  security  elaaeiUcetton  of  th#  report.  Indio  At*  whether 
"Reatrletad  Data"  i«  include*  Merhirm  i*  to  b#  in  Accent 
•no#  with  appropriate  security  regulation*. 

3b.  GROUP:  Automatic  downgrading  t*  specified  In  DeD  Di¬ 
rective  SJOO,  10  And  Armed  Korea*  lndu*tflot  Manual.  Em** 
th*  group  numbar,  Alto,  when  applicable,  shew  th*t  optional 
marking*  hav*  been  ttaad  for  Oroup  3  and  Group  4  a*  author- 
i**4. 

S.  REPORT  TtTLjEi  IA«  th*  complete  repo*  tilt*  in  oil 
capital  l*tt*rt.  TiU*a  in  ait  *****  should  a*  unclaaalflad. 
tf  a  maonlngful  ttti*  cermet  bo  ealecied  without  claaalflew 
tlon,  ahow  titia  claaaifteauen  in  alt  capita)*  In  paramhaata 
immadiataty  fallowing  th*  title. 

4,  DESCRIPTIVE  NOTE  A  If  appropriate,  ontar  th*  tjrp*  of 
rapert,  e.g, ,  tnt*rii*(  prograaa,  summary,  annua),  or  final, 

Qiv*  i ha  inclusive  4al»a  whan  a  specific  reporting  period  I* 
cav*tad. 

I,  AVTHDRfS):  Entar  th*  naawU)  at  aothoKel  aa  shown  on 
or  In  the  rapert  Entar  iatt  name,  Ural  a  am#,  mldd)*  initial, 
tf  military,  ahaw  rank  and  branch  of  awwtea.  Th*  nama  af 
th*  principal  author  is  on  ahoalut*  minimum  ragulremanb 

«,  REPORT  DAT  El  Enter  th*  dare  af  th*  rapart  at  day, 
month,  year,  er  month,  yean  If  mor*  than  ana  data  appear* 
on  th*  rtpart,  u* a  data  af  publication. 

7*  TOTAL,  NUMBER  OP  RAGES;  Th*  total  P*f*  count 
should  fellow  normal  pagination  procedural,  la,  antar  th* 
numbar  of  pace*  containing  information, 

7b.  NUMbKR  Or  REFERENCE*  Enter  th*  total  numbar  of 
rafartncoi  cited  Ut  the  ravort, 

•a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  antar 
th*  applirabl*  numbar  of  th*  centraat  or  gram  under  which 
the  report  wa*  writtaru 

•*.  be,  <i  Ad,  PROJECT  NUMBER:  Entar  th*  appraprlat* 
military  dapartmant  identification,  ouch  aa  praiact  numbar, 
tubpr*i*ct  murker,  system  numbar*,  task  numbar,  ate, 

•a.  ORIGINATOR’!  REPORT  NVJMRER(i):  Entar  th*  affi- 
cial  rapart  number  by  which  th*  document  will  b*  idantl/lnd 
and  sent  rolled  by  tha  originating  activity.  Thia  numbar  meat 
b*  urn  qua  ta  this  rapart, 

lib.  OTHER  REPORT  NUMBCROU  II  the  report  hr*  boon 
ai*lgn*d  any  alhar  rapart  numbers  (alt bar  by  rb*  artginetar 
or  by  rho  tpanoor),  also  antar  til*  number!  *>, 

10,  AVAIL  AULITY/LIMITATION  NOTICED  Entar  any  llm- 
nations  on  further  dlsaamiratian  af  th*  report,  other  than  the** 


Imposed  by  aaeurtty  claaatftcatton,  uaing  standard  ttatamant* 
such  oat 

(1)  "Qualified  requaatar*  may  obtain  capias  of  this 
report  from  DDC" 

(3)  ’’Foreign  amtetmeamant  and  dltaaminatlon  of  thia 
rapart  by  DDC  ia  not  authorise*  *' 

(3)  "U  A  Govammant  *  cans  Its  may  obtain  copta*  of 
thia  report  directly  fro*  DDC,  Other  qua!  triad  DDC 
user*  shall  request  through 


(4)  **U.  A  military  aganciaa  may  obtain  copies  of  this 
report  directly  from  DDC  Other  qualified  users 
•hall  request  through 


($>  "Ail  distribution  of  this  report  la  contralto*  Qual¬ 
ified  DDC  uaor*  shell  raguaat  through 


If  th*  report  ho*  bean  furnished  to  th*  Office  of  Technical 
Service*,  Department  ofCammata*.  far  sal*  to  th*  public,  indi¬ 
cate  thia  fact  and  antar  the  prise,  if  known 

IU  SUPPLEMENTARY  NOTES:  Ui#  for  additional  enplane, 
tary  not**. 

IE  SPONSORING  MILITARY  ACTIVITY:  Entar  th*  name  af 
th*  departmental  project  afftca  or  laboratory  sponsoring  fpay- 
tnd  far)  the  raaoarch  rnd  development  Ineiuda  addraaa. 

13  ABSTRACT:  Entar  on  abstract  giving  a  brief  and  factual 
summary  of  th#  daeumant  indicative  af  th*  rapart,  avan  though 
It  may  alt*  appear  alaawhar*  in  th#  body  of  th*  tachmeal  ra- 
pert,  If  additional  aasca  ia  required,  a  enntinuatian  ahaat  shall 
a#  attachad, 

It  ia  highly  desirable  that  th*  abatract  of  claiaifttd  raporta 
b a  unclassified.  Each  paragraph  of  tha  abatract  shall  and  with 
an  Indication  of  the  military  security  classification  at  th#  in¬ 
formation  in  th*  paragraph,  represented  an  <rn,  (U  t cj.  er  fvy 

Thar*  i*  no  limitollen  sn  th*  tanath  of  the  abatract,  How¬ 
ever,  tha  auggaatad  langih  I*  from  t SO  to  32S  word# 

14.  KEY  BORDSi  Kay  word*  are  technically  meaningful  (arm# 
or  short  phrase*  that  characterise  o  report  and  may  b*  used  a* 
indaa  entries  far  cataloging  tha  report.  Kay  word*  must  be 
•rlected  so  that  no  security  r lettification  is  re  uired-  IdenU- 
fiara,  such  a*  equipment  modal  designation,  trade  nama  military 
project  code  nama  Mographic  locatian,  may  bo  uaad  aa  kay 
word*  but  will  ba  followed  by  an  indication  of  tochnlcal  con- 
tail.  Th*  assignment  of  link*,  rbloa,  and  weight*  la  optional. 


Security  Claaalflcatlon 


?4ast»r>-> 


